Supermassive black hole masses (BH, M BH ) are strongly correlated with galaxy stellar bulge masses (M bulge ) and several sophisticated ideas can explain this relationship. However, a simple addition of masses alone through mergers is generally not thought to be particularly effective. This study finds that, contrary to naïve expectations and in the absence of all other physics, mass additions through merging may actually cause a linear M BH -M bulge relation to emerge after a few ( 5) major merger episodes, whether or not there was initially a correlation. The "attractor" towards linearity exists because the galaxy mass function declines with increasing mass, or has a sharp break at M * . Furthermore, two factors cause the scatter in the M BH -M bulge relation to decrease over time under this hypothesis: a central limit-like behavior for galaxy mergers, and a convergence towards a linear M BH -M bulge attractor. Lastly, the steeper a correlation between M BH (y-axis) vs. M bulge , the stronger is the central-limit tendency for major mergers compared to minor. This may explain why M BH correlates more strongly with M bulge than with a whole galaxy composed of bulge+disk, since major mergers produce more bulge dominated galaxies than minor mergers. Even if some other mechanism is ultimately the cause for producing a linear M BH -M bulge relationship, this thought experiment shows that galaxy merging may strengthen, rather than weaken, a pre-existing correlation. This idea may be generalized to other gravitationally bound systems which retain physical identities through merging. For instance, other correlations between such quantities as M BH and dark matter halo mass, and M bulge with bound central star clusters may be expected under the same mechanism proposed here.
INTRODUCTION
In recent years, there have been several surprising discoveries of fundamental scaling relations between supermassive black hole masses, M BH , and large scale galaxy bulge properties: stellar velocity dispersion σ * , bulge mass M bulge , profile slope of galaxies, and the inner core radius (Gebhardt et al. 2000; Ferrarese & Merritt 2000; Kormendy & Richstone 1995; Magorrian et al. 1998; Ho 1999; Kormendy & Gebhardt 2001; Graham et al. 2001; Marconi & Hunt 2003; Häring & Rix 2004; Lauer et al. 2006; Greene & Ho 2006; Woo et al. 2006) . At masses lower than M bulge 10 10 M ⊙ , the central object with which galaxies correlate may be both intermediate mass BHs in dwarf galaxies (Greene & Ho 2006 ) and central massive star clusters (Ferrarese et al. 2006) . The small amount of intrinsic scatter between black holes and bulges is often interpreted to suggest a causal connection between the two -that the growth of one might somehow regulate the other (e.g. Di . This hypothesis has, in turn, led to profound new ideas about how quasar activity may affect galaxy evolution.
When and how did the fundamental BH scaling relationships come about? At higher redshifts, observations are in early stages, complicated in part by challenges of measuring the BH mass and the bulge properties in the same galaxies. However, recent evidence from studying quasar host galaxies indicate that the fundamental M BH -M bulge correlation might have been established as early as z ∼ 4 (Peng et al. 2006b,a) . Furthermore, there 1 Space Telescope Science Institute, 3700 San Martin Drive, Baltimore, MD 21218; cyp@stsci.edu.
2 STScI (Giacconi) Fellow also appears to be an evolution in the M BH -M bulge ratio by a factor of ∼ 4 in the same studies, which points to the possibility that the BH masses matured more quickly than their surrounding stellar bulge mass in the past. In addition, other observations that use [Oiii] and CO emission line widths to infer the gravitational potential of quasar bulges (Ho 2007, ApJ submitted; Shields et al. 2003 Shields et al. , 2006 suggest similar trends 3 . Despite the general agreements observationally (however, see Li et al. 2006; Borys et al. 2005) , there remain three weaknesses that still complicate the interpretation: a significant factor of 2 systematic uncertainty in the normalization of BH mass calibration, the possibility that the normalization of the virial BH mass estimate (Kaspi et al. 2000 (Kaspi et al. , 2005 Peterson & Bentz 2006; Vestergaard 2002; Vestergaard & Peterson 2006; Onken et al. 2004 ) may evolve with time, and the bulge masses are not directly measured. Despite these uncertainties, the finding of an existing strong M BH -M bulge correlation at z 1 is likely to be more secure (Peng et al. 2006a ).
Controversies about the evolution aside, not only is it puzzling that the M BH -M bulge correlation should exist, but it would have a small intrinsic scatter of 0.3 dex in M BH and is practically linear (Marconi & Hunt 2003; Häring & Rix 2004; Lauer et al. 2006 ). There are several theoretical models to explain how these oddities came about (e.g. Adams et al. 2001; Escala 2006; Cattaneo et al. 2005; Kazantzidis et al. 2005; Springel et al. 2005 ; GAL M Fig. 1.-a) Two examples of initial correlations between M BH and M gal . b) An arbitrary number distribution of M BH at each mass slice M 1 or M 2 , where µ is the mean value of the distribution. Robertson et al. 2006; Hopkins et al. 2007; Cen 2007 , and references therein), how they may be regulated (e.g. "radio modes" Croton et al. 2006) , and how they may evolve with time Croton 2006; Fontanot et al. 2006; Hopkins et al. 2007) . A number of these ideas relate back to the hypothesis of quasar or AGN (active galactic nuclei) feedback, whereby strong winds produced by central AGNs may be responsible for quenching active star formation and simultaneously terminating the BH accretion inside galaxies (e.g. Di Hopkins et al. 2007 Hopkins et al. , 2006a Robertson et al. 2006; Fontanot et al. 2006; Granato et al. 2004 ). These models have been incorporated into semi-analytic cosmological merger simulations (e.g. Granato et al. 2004; Fontanot et al. 2006; Croton 2006) with promising success at not only producing the local BH scaling relations, but also potentially explaining a wide array of other galaxy evolution puzzles, including the evolution in the galaxy and quasar luminosity functions, mass functions, star formation rates, the X-ray background, the bimodality of galaxy colors, etc. (e.g. see Hopkins et al. 2006a,b, and references therein) .
Nonetheless, observations are currently not sufficiently advanced to test the very hypothesis that AGN feedback drives the fundamental M BH -M bulge scaling relation. Furthermore, while AGN feedback is attractive for explaining many aspects of galaxy evolution, it is entirely possible that some other mechanisms may explain the M BH -M bulge correlation instead. One obvious potential factor to consider is galaxy merging. While galaxy merging has been central in several studies on the BH scaling relations (e.g. Nipoti et al. 2003; Volonteri et al. 2003; Wyithe & Loeb 2005; Croton 2006 ), its effects have not been sufficiently isolated from other detailed considerations of physics or priors to understand the full effect. Intuitively, the notion that tight, linear, M BH -M bulge should emerge from a simple addition of masses during galaxy mergers that initially have random M BH -M bulge ratios seems absurd. Indeed, it is more sensible that galaxy merging over time should cause the scatter in tight scaling relations to grow (e.g. Wyithe & Loeb 2005) .
This study revisits the issue of galaxy merging, and presents a thought experiment which shows that a linear M BH -M bulge relation can itself be induced by hierarchical mass growth, even if the BH masses and bulge masses were completely uncorrelated initially, or if they started out with a steep powerlaw correlation. In contrast to aforementioned studies on this subject, this one considers the issue only from the standpoint of basic statistics. And simple statistical arguments would show that the natural tendency of simple mass addition, i.e. mergers, is to cause the M BH -M bulge relation to converge toward an "attractor"-like, linear, relation, and to reduce the scatter over time. One reason for these odd behaviors is that BH masses sum with central limit-like tendencies when galaxies merge. Furthermore, the galaxy mass function has a Schechter powerlaw (Schechter 1976) form, so that there is a decline in number densities with increasing mass, especially above M * masses. The main emphasis of the current study is only to present a pure statistical exercise, and as such will not invoke merger trees or external physics. While it is tempting to be as realistic as possible by invoking physical processes associated with mergers, i.e. star formation, BH accretion, AGN feedback, etc., from the get-go, refraining from doing so enables a cleaner exposition for why the convergence behavior should exist. Bearing in mind the key arguments, regardless of what other physics may ultimately produce the M BH -M bulge relation or weaken it, the main point is that an existing correlation should strengthen if galaxies continue to subsequently merge. The issue of interest to follow up is to what extent this, or other yet identified mechanisms, may matter in the end. We will thus revisit the issue of detailed physics and realistic merger tree models in the next study.
The following discussion will begin by presenting a heuristic view to explain why a linear M BH -M gal relation is a natural consequence of random merging (Section 2), followed by Monte-Carlo simulations to illustrate the effect (Section 3), and lastly by a discussion and conclusion. In much of the discussion below, the relationship under consideration is more generally the M BH -M gal relation, whereas BHs are thought to correlate more tightly with the spheroid component of M gal , i.e. M bulge . It will be seen that the tighter correlation between M BH -M bulge is a special case of the M BH -M gal relation, and can be understood in the same framework.
HEURISTIC PICTURES

The Central Limit Theorem of Galaxy Mergers
As galaxies undergo merging, it can be shown that the scatter in the M BH -M gal relation diminishes with increasing number of mergers due to the central limit theorem. To see this most easily, consider first major mergers, which by definition occur between galaxies of roughly equal mass often within the range M 1 /M 2 ≤ 4 ( Figure 1a ). Their similarity in mass also means that the number distribution (i.e. mass function) of M BH at a specific galaxy mass, M 1 , is similar to that at M 2 , i.e. they are drawn from parent distributions that have roughly the same shape ( Figure 1b) . However, the mean (µ) of the distributions might be offset by an amount that depends on the steepness of the initial M BH -M gal correlation: the steeper the correlation (Figure 1a , top), the larger is the offset. Furthermore, consider in the limit of no initial M BH -M gal correlation ( Figure 1a , lower ellipse) that µ is constant with galaxy mass. The average of any two BH masses randomly drawn from the parent distribution (e.g. Fig. 1b ) therefore has a tendency toward a mean value µ of the parent, by the central limit theorem. This tendency also means that the resulting BH mass distribution from mergers, obtained by summing BHs drawn from the same distribution, would have a smaller scatter than the original distribution, causing the M BH -M gal relation to tighten. In the instance where the initial M BH mass distribution ( Figure 1b ) is log-normal, with a scatter σ BH,before , the resulting scatter of all galaxies that have undergone one full cycle of major mergers is σ BH,after = σ BH,before / √ 2. Therefore, an ensemble of galaxies which has undergone N maj mergers should have a scatter in the M BH -M gal relation that is reduced by ∼ 2 0.5Nmaj , compared to the initial relation. Clearly, this central limit theorem behavior applies to a finite parent distribution of any shape, but the size of the scatter and the rate at which the scatter decreases both depend on the shape of the distribution and the steepness of the initial M BH -M gal correlation. In the situation where the correlation of M BH -M gal is steep (e.g. Fig. 1a , top ellipse) the effective cumulative mass function of BHs ( Figure 1b ) residing in galaxies of M 2 ≤M gal ≤ M 1 has wider σ BH,before than if the M BH -M gal relation is shallow (Fig. 1a, bottom) . For the same reason, minor mergers also have wider σ BH,before , as the galaxy mass differences are larger, than major mergers. Therefore galaxies which have only undergone major mergers would result in a M BH -M gal relation that is significantly tighter than galaxies which have only experienced minor mergers, for the same merger rate, and if the initial mass correlation is non-flat. This effect is seen in the Monte-Carlo simulations below.
Galaxy Merging From a Schechter Mass
Distribution If the galaxy mass density of galaxies follows a Schechter powerlaw form (Schechter 1976) ,
then it is possible also to show that a linear M BH -M gal relation naturally emerges over time, so that the relation,
eventually takes on β = 1. The value of Γ, which locally is measured to be Γ(0) ∼ 1/800 (e.g. Häring & Rix 2004) for bulges, is otherwise arbitrary in the discussion below. Γ is degenerate with respect to assumptions about the initial scatter of the M BH -M gal relation, the initial slope β, and the initial normalization Γ(∞), for which there are currently insufficient observational constraints; it will not be addressed further in this study. The other assumption used in this study is that the probability for two galaxies to merge comes from Monte-Carlo sampling from a Schechter mass function (Eq. 1). In actuality, galaxies do not merge randomly, especially at late times. However, complete randomness is only used to facilitate the discussion, and is not a pre-requisite, since the reasoning depends only on the fact that minor mergers occur more frequently than major mergers. This assumption does mean that, depending on the relative balance of major vs. minor mergers, the effects described here, convergence toward linearity and central-limit behavior, may be more relevant at some epoch in time than at others The reason for why a linear correlation emerges through galaxy mergers is illustrated in Figure 2 . Figure 2a, top,  shows the situation where the initial BH and galaxy mass distribution is completely uncorrelated, so that β = 0. The lower half of the diagram shows hypothetical luminosity functions with two different "faint end" slopes, A and B, which will be individually considered in the Monte-Carlo simulation below. If there is no correlation between the M BH and M gal , then the ratio of M BH /M gal is, on average, larger for low mass galaxies than for high mass galaxies as is seen by comparing the M BH /M gal ratio at any two locations, e.g. 1 and 2. Therefore, as galaxies merge, a massive object at the extreme end of the mass function, located at position 1, on average, is more likely to merge with another having a much larger M BH /M gal ratio compared to itself, thereby evolving the merger product in a steep upward direction, as exaggerated by the vertical arrow. In contrast, an object at position 2 is likely to merge with objects both comparable in M BH and M gal as itself, so the net evolution vector has a shallower slope. Therefore, the cumulative effect of mergers along the mass spectrum is to steepen the massive end of the M BH -M gal relation relative to the lower extreme, even as the lower end grows in M BH on average.
In the other extreme, Figure 2b , if the primordial relation between the BH and galaxy masses is steep, corresponding to β ≥ 1, the opposite behavior occurs. Bulges at location 1 generally have larger M BH /M gal ratio than galaxies that have lower mass. Therefore, the M BH /M gal ratio for massive galaxies would tend to decrease through mergers. The net effect on massive galaxies is to evolve the merger remnant more quickly to the right on average than a lower mass bulge at location 2.
Due to a mirror symmetry between Figures 2a and 2b, the natural equilibrium state of the M BH -M gal relation is at β = 1, so that further merging of galaxies would evolve remnants along the linear relation, with a constant Γ=M BH /M gal ratio. Also because of the convergence toward this "attractor" state the scatter in the relationship would necessarily decrease over time through galaxy merging.
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cient, but not necessary, condition for convergence toward linearity. A pure powerlaw with M * = ∞ would also produce a similar behavior, however, the convergence is slower for flatter slopes (α → −1). Furthermore, while the convergence behaviors just described is quite strong for a Schechter mass function with α = −1, the convergence would fail for a pure powerlaw with the same slope, due to a lack of a break in the mass function.
MONTE CARLO SIMULATIONS
To illustrate the idea discussed above, and to quantify how quickly a linear M BH -M gal relation might emerge, it is useful to consider several numerical simulations for the situations shown in Figure 2 . For each of the two scenarios, no-correlation (1a) and steep correlation (1b), it is also instructive to consider two different initial mass functions, A and B, shown in the lower half of Figure 2 . The two powerlaw slopes that will be explored below are α = −1.5 and α = −0.5 respectively. These choices are motivated by observations of the luminosity functions for high redshift galaxies and assuming that light traces mass (e.g. Gabasch et al. 2006; Giallongo et al. 2005 ).
Simulation Set-up The evolution of the mass function.
One issue to consider is how the galaxy mass function might evolve, and whether the path of evolution might affect the final convergence. The effect of galaxy masses growing with time is to both increase M * and steepen the "faint end slope" (α) of the Schechter function. As galaxy populations grow in mass and number density, the rate of change in M * and α would affect the rate of convergence to the final M BH -M gal normalization, slope, and scatter. Predicting the rate of change in the M BH -M gal relation requires realistic merger trees and accounting for other detailed physics such feedback, which will be addressed in a followup study. For the current purposes of showing that a convergence toward a linear M BH -M gal relation does naturally occur, it suffices to consider two scenarios: a replenishing scenario, where the Schechter mass function is continuously, and randomly, replenished as galaxies merge, and a depletion scenario, where no new galaxies are formed to take place of ones that have merged. Combined with considerations about the initial mass function slopes, the simulations will have covered the gamut of sensible possibilities and conditions that may be present at early and late cosmic epochs.
The initial scatter of the M BH -M gal relation and the initial mass function M * .
In the simulation, the distribution of galaxies is first drawn randomly from the Schechter mass function, after which a BH mass is assigned, following Equation 2, by drawing from a lognormal Gaussian distribution with a generous Gaussian dispersion of σ BH = 2, i.e. a scatter of ×/ ÷ 100 in mass. The exact choice of the initial scatter is directly proportional to, but otherwise only partially determines, the final scatter in the M BH -M gal relation. Other factors which determine the final scatter depend on how long the simulation runs, and on the initial value of M * . Currently, there are some observational constraint on the rate of mergers, which will be considered in a followup study. In this study, the results are merely normalized arbitrarily to match the final M BH -M gal relation observed today.
The simulation "clock." The progress of time is not well defined in Monte-Carlo simulations, so it is useful to define merging cycles for the sake of keeping track of the simulation progress. Each full cycle is defined as being complete after the number of merger events equals the number of galaxies present at the beginning of that particular cycle. And galaxies which are produced/merged retain their states for the following cycle. Because some galaxies may merge multiple times by being drawn repeatedly, not all galaxies will be involved in mergers after each full cycle. The exact definition of the simulation clock is unimportant, as it is only the number of major mergers on average which determines the degree of convergence toward a linear M BH -M gal relation, where major merger is defined by mass ratios of at most 4:1.
Replenishing Scenarios
The replenishing scenario is one of the two simple ways considered to emulate the progress of galaxy evolution. Here, by definition, the rate of galaxy mergers equals the rate of galaxy number production. The way a galaxy is newly produced is by being selected randomly from an initial mass function, parameterized by α and M * , and which does not evolve with time. In contrast, galaxies "grow" only by merging with another member in the galaxy pool existing at the time, and hierarchical merging is the only avenue for mass growth. Therefore, as galaxies merge, the cumulative mass function does undergo evolution. However, the total number of galaxies remains constant because of 1:1 ratio in merging:replenishment. The open colored data points show the M BH -M gal development of galaxies that have undergone N maj ≥ 5 major merger episodes, and after 10 (blue triangle), 100 (green square), and 1000 (red circle) merger cycles have transpired. So the color data points effectively illustrate the progress of the M BH -M gal evolution for objects that might be morphologically identified as early-type galaxies of each cycle. For clarity, the contour levels represent the locus of points after 1000 merger cycles, and the levels are spaced at multiples of 2 in density. The luminosity functions of the galaxy pool at the end of the merger cycles are shown in the lower half of the diagram in corresponding colors and locale in mass. In contrast, the small black points show the locations of galaxies that have undergone zero major, but potentially over a thousand minor merger episodes by the end of the simulation. Lastly, a linear reference line is overplotted in the Figures with normalization given by R 0 =800 (Häring & Rix 2004) , and the simulations are scaled/shifted arbitrarily to match; it is not a fit to the data points.
As shown in Figures 3 and 4 , the convergence towards a tight linear relation is fairly rapid. After fewer than 5 major merger episodes a tight linear relation convincingly emerges regardless of the initial conditions of the mass function or the form of the M BH -M gal correlation. One reason for this rapid convergence is due to the centrallimit behavior of major mergers which is shown in Figure  5 , where the increasing number of mergers is represented by different symbols/colors. The one notable case where the convergence toward linearity is slower than other scenarios is Figure 4b , where the effect is only evident at 10 10.5 M ⊙ or greater, even as the scatter decreased markedly. In general, if the M BH -M gal correlation is steep initially, the tail at low mass remains steep after a large number of major mergers has occurred, even as the massive end converges toward linearity.
Lastly, the qualitative convergence effects do not depend on the assumption about the distribution of BH mass at each galaxy mass. Figure 6 shows an example that is in direct analog to Figure 3b , except where the BH mass is instead drawn from a Schechter mass function of α = −1.5.
Depletion Scenarios
The other extreme of the merging simulations is to consider what effect galaxy depletion from a finite reservoir has on the M BH -M gal relation. Because the number density of galaxies builds up with time, the depletion scenario is expected to not be realistic. Nevertheless, it is useful for illustrating how the M BH -M gal convergence is affected by a different evolution in the mass function compared to the replenishing scenario.
The depletion scenarios are constructed by creating a large sample of 5 × 10 5 objects, initially having no correlation between BH and galaxy masses (Figure 7) or with a β = 2 correlation between the two (Figure 8 ). The BH masses are assigned to the galaxies with a log-normal distribution of dispersion σ = 2 centered around Equation 2. In each scenario, galaxies are created to have initial mass functions of α = −0.5 (Figures 7a and 8a ) and α = −1.5 (Figures 7b, 8b ). Then as galaxies merge, no new ones are created to replace them. As a consequence, the mass function evolves by growing in M * , the number density decreases, and a sharp truncation develops at low masses (see lower half of Figures 7 and 8) . As the number of merging cycle increases, the scatter decreases quickly and converges toward a linear relation as illustrated by the solid line. Once again, as shown in Figure 8 (especially 8b), the convergence is much slower for steep α and steep β compared to other scenarios, but the convergence trends are noticeable.
DISCUSSION AND CONCLUSION
This study has revisited the issue of how galaxy merging may affect the M BH -M gal scaling relation from the standpoint of basic mass addition and statistics, thereby clearly separating the cause from other detailed physics that must otherwise affect galaxy evolution. Through Monte-Carlo simulations, a tight, linear, M BH -M gal correlation appears to emerge when galaxies have undergone fewer than 5 major mergers, many minor ones, for practically all reasonable initial correlations between the M BH and M gal , or a lack of one. The main reasons for these behaviors are seen to be:
1. The remnants of mergers follow a central-limit behavior so that regardless of the initial M BH - M gal correlation, the scatter of the final correlation should decrease with increasing number of mergers.
2. The steeper a correlation between M BH (y-axis) vs. M gal , the stronger is the central-limit tendency for major mergers compared to minor. This arises because major mergers, by definition, occur between galaxies more similar in mass, where the initial mass distribution of black holes that merge is narrower than that between minor majors.
3. Because the mass function of galaxies follows a Schechter powerlaw, galaxy mergers should cause the M BH -M gal relation to converge toward a linear, i.e. M BH = ΓM gal , relation. The normalization Γ is arbitrary in this exercise, and is degenerate with assumptions about the initial scatter and steepness of the M BH -M gal relation, and the Schechter powerlaw slope.
4. The attractor-like convergence towards a linear M BH -M gal relationship is another reason for the decrease in the scatter of the BH scaling relations with time, on top of the central-limit behavior. In this scenario, outlying objects may be many sigma outliers in the primordial distribution that have "under-merged" compared to objects which fall on the relationship.
This thought experiment provides a natural explanation for why the relationship between M bulge and M BH is tighter for massive early type bulges (Magorrian et al. 1998; Marconi & Hunt 2003; Häring & Rix 2004) , but much more weakly between M BH and the total mass of a galaxy, M gal , which may also include a large disk component (Kormendy & Gebhardt 2001) . If large bulge-todisk ratios of galaxies are evidence that major mergers dominated the mass growth history, then the stronger central seeking tendencies of major mergers would cause bulges to have smaller scatter in the M BH -M bulge relation than galaxies with large disks and smaller bulges.
While the discussion focuses only on galaxy mergers, the primary path of the BH mass density build-up is most likely to have been through AGN accretion (e.g. Soltan 1982) . If the AGN feedback hypothesis is correct, then BH accretion is one of the several factors which strengthen the M BH -M bulge relation. On the other hand, even if BH growth, or other physics, were a "heating" source i.e. one which randomizes a tight linear M BH -M bulge relation, the linear and central limit attractors would cause a rapid re-convergence if galaxies continue to merge subsequently.
Another consequence of this thought experiment is that the ratio Γ=M BH /M bulge approaches an asymptotic value with time from having a smaller ratio in the past. On the surface, this appears contrary to findings by Peng et al. (2006a,b) ; Woo et al. (2006) ; Shields et al. (2003 Shields et al. ( , 2006 ) based on quasar host galaxy studies who find that the ratio Γ decreases over time. If the quasar host galaxy studies are correct, then some other physics not considered here are responsible for causing a decline in the normalization of Γ with time (Croton 2006; Hopkins et al. 2007; Fontanot et al. 2006, e.g. see) . For instance, the abscissa is ambiguous about what mass M gal corresponds. If gas mass is a significant fraction of a galaxy's mass, then forming stars out of the gas reservoir would decrease Γ over time, if the abscissa M gal represents the galaxy's stellar bulge mass. Secular growth of galaxy bulges by accreting stars in galaxy disks would also decrease Γ, at the expense of increasing the scatter, as seen in Croton (2006) 's simulations. Major mergers, however, would not cause Γ to decrease over time. It is also worth pointing out that it remains to be seen by future studies whether there remain factors of 2 in systematic errors in BH (Onken et al. 2004 ) and bulge mass estimates.
Lastly, as previously mentioned, while it is clear to what kind of mass M BH corresponds, and while it is certain that the discussions presented above apply directly to the M BH -M bulge relation, there is some ambiguity as to what mass the abscissa, M gal , refers in the Figures . Depending on whether M gal corresponds to the total stellar mass, gas mass, dark matter halo mass, or a combination thereof, the degree of scatter and linearity would clearly differ, due to different initial mass functions and merger histories. Because the scenarios considered above depend on a linear addition of masses, the arguments therefore may not apply to gas masses that are not gravitationally bound to a galaxy. This and other issues will be the subject of a future study to address, which will incorporate the use of realistic merger trees.
